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Immunodissection of the human proximal nephron: Flow sorting of
S1S2S3, S1S2 and S3 proximal tubular cells. We report on the use of
several proximal tubular cell (PTC) surface markers and corresponding
antibodies in fluorescence-activated cell sorting (FACS), and their ability
to identify and flow sort cells of defined proximal tubular origin (SIS2S3)
or of defined proximal subsegmental origin (S1S2 only/S3 only). We tested
monoclonal/polyclonal antibodies directed against five different surface
peptidases [leucine aminopeptidase (LAP), neutral endopeptidase 24.11
(NEP), dipeptidyl peptidase IV (DPPIV), aminopeptidase A (APA) and
y-glutamyl transferase (y-GT)j, the S3 segment-specific marker intestinal
type alkaline phosphatase (iAP) and an S1S2 marker (TN2O-antigen),
originally proposed as a surface marker for interstitial fibroblasts. Seg-
mental (proximal tubular vs. distal tubular) and proximal subsegmental
(S1S2 vs. S3) expression of all five surface peptidases and TN2O antigen
were first assessed by comparing immunohistochemical staining on normal
human kidney tissue with staining for well-known segment-specific differ-
entiation markers (intestinal type alkaline phosphatase, Tamm-Horsfall
protein) on adjacent sections. All five peptidases were found to be
expressed to a certain degree in all subsegments (SI S2 and S3) of the
proximal nephron, whereas expression was never seen in the more distal
parts of the nephron. Flow cytometry was performed on cells obtained
following gradient purification of collagenase-digested human renal tissue.
Labeling cells for expression of LAP, NEP or DPPIV resulted in high
yields of specifically labeled PTC (S1S2S3 origin). Labeling with anti-LAP
resulted in the clearest distinction between positive and negative cell
subpopulations, and therefore LAP was considered the best PTC marker
for use in FACS. jAP histochemical staining on sorted cells showed that
flow sorting with monoclonal antibody (moAb) 250 (anti-intestinal type
alkaline phosphatase) allowed sorting of S3 cells with > 90% purity.
Likewise, moAb TN2O enabled us to obtain a highly purified SIS2
population as confirmed by the absence of iAP on sorted cells.
Studies trying to assess mechanisms of human proximal tubular
cell (patho-)physiology often make use of cell culture systems to
avoid the complexity of whole organ/whole animal experiments.
Primary cultures are generally preferred above studies on cell
lines as the latter often lose important characteristics and/or
acquire atypical biochemical/functional properties [1, 2].
The human nephron consists of an array of cell types that are
topographically organized into different nephron segments, and it
is likely that by bringing kidney tissue into culture, this in vivo
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heterogeneity will be reflected in a considerable in vitro hetero-
geneity [3—5]. As heterogeneous cultures do not permit observed
effects to be ascribed to one specific cell type present in the
culture, much effort is put into the identification and/or purifica-
tion of cell types in order to obtain homogeneous primary cultures
of the cell population of interest. For obtaining pure (human)
proximal tubular cells, the most widely used technique consists of
explantation of normal cortical tissue pieces (as first described by
Detrisac et al [6]) or culture of enzyme dispersed tubule fragments
(Kempson et al [4]) and subculture of the outgrowing cells. Both
procedures begin from a heterogeneous cell population and the
cells are grown under conditions (multiple subculturing, medium
composition) that presumably allow only the cell type of interest
to survive/outgrow other cell types. Certain features characteristic
of the particular cell type of interest in vivo, such as the presence
of antigenic markers, enzyme activities and hormone responsive-
ness profiles, are then determined on the resulting cell population
to confirm its origin, homogeneity and purity. However, a char-
acteristic may disappear from a cell type when in culture, due to
selective loss of certain differentiation markers, as has been shown
for y-glutamyl transferase (y-GT) and alkaline phosphatase (AP)
expression on human proximal tubular cells (on—off response) [5,
7]. On the other hand, certain markers that are cell type specific
in vivo can in vitro be expressed de novo on cell types not
expressing them in vivo (off—.on response) [8—12], as we have
shown for the expression of dipeptidyl peptidase IV (DPPIV) on
distal tubular cells [13]. It is difficult to assess if and to what extent
such switches in cell type specific gene expression occur in culture
systems initially containing different cell types (as in explant
cultures). Data concerning cell origin, resulting from character-
ization procedures based on the assumption that no such changes
take place, as is often the case in (renal) cell culture practice, thus
should be interpreted with caution.
Therefore, we among others have followed a different strategy
in starting cultures with cells of a defined nephron segment origin
by immunodissection prior to culture [7, 14, 15]. This technique
has the obvious advantage that it circumvents the aforementioned
identification problems encountered when starting with heteroge-
neous cell populations. In particular, it should allow us to study
on—soff/off-—son transition phenomena on cells of different
nephron segments, as these cultures could be seen as golden
standards for the behavior of defined cell types under defined
culture conditions, Fluorescence activated cell sorting (FACS)
allows this immunodissection with great speed, high resolving
power and specificity. The technique, however, is limited by
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Table 1. Overview of monoclonal and polyclonal antibodies used in immunohistochemistry and in flow experiments
Antigen
Leucine aminopeptidase
Neutral endopeptidase
Dipeptidyl peptidase IV
y-Glutamyl transferase
Alanine aminopeptidase
TN2O antigen
Intestinal type
alkaline phosphatase
Human milk fat
globulin
Tamm-Horsfall protein
Cytokeratin peptide 18
Placental alkaline
phosphatase
Keyhole limpet
hemocyanin
AD-i (Biotin) mouse IgGi
5-1B4 mouse IgGi
LY12.CC1 mouse IgGi
1071 mouse IgG
rabbit polyclonal
102D2K2C10 mouse IgGi
rabbit polyclonal
TN2O mouse
iAP250 mouse IgGi
[16, 171
Caltag
[22, 23]
[24, 25]
[21]
[20]
[21]
[26]
[18, 19]
antigen and epitope stability following the preparative procedures
necessary to obtain a cell suspension suitable for cell sorting.
Therefore, we tested an array of proximal tubular surface markers
and corresponding monoclonal/polyclonal antibodies to deter-
mine their efficiency in recognizing/sorting cells of proximal
tubular origin (S1S2S3) in/from a mixed cell population. Further-
more, we investigated whether these surface markers allowed a
refinement of the immunodissection of the proximal nephron by
selectively purifying cells of either S1S2 or S3 origin. Finally, we
report on the possibility of performing this immunodissection
protocol following short-term culture (48 hr) of the cells.
METHODS
Monoclonal and polyclonal antibodies
An overview of monoclonal antibodies (moAb) and polyclonal
antibodies used in immunohistochemistry and in FACS is shown
in Table 1. Leucine aminopeptidase (LAP, E. C. 3.4.11.1): mouse
anti-human LAP (moAb AD-i, IgG1) was characterized in this
laboratory by Deng [16, 17]. Intestinal type alkaline phosphatase
(iAP, E. C. 3.1.3.1): mouse monoclonal anti-iAP (clone 1AP250,
IgG1) was developed in this laboratory and has previously been
extensively characterized [18, 19]. The remaining antibodies have
been developed and characterized elsewhere. Neutral endopepti-
dase (NEP, E. C. 3.4.24.11, CD1O): biotin labeled monoclonal
anti-NEP (clone 5-1B4, IgG1) was purchased from Caltag (South
San Francisco, CA, USA). y-Glutamyl transferase (y-GT; E. C.
3.4.13.14): mouse anti-human y-GT (clone 102D2K2C10, IgG1)
was a kind gift from Prof. Siest [20]. Aminopeptidase A (APA, F.
C.3.4.11.7): rabbit polyclonal anti-human APA was kindly pro-
vided by Prof. J. Scherberich [21]. Dipeptidyl peptidase IV
(DPPIV, E. C. 3.4.14.5/adenosine deaminase complexing protein/
CD26): mouse anti-human DPPIV (clone LY12.CC1, IgG1) was a
kind gift from I. De Meester [22, 23]; mouse anti-human DPPIV
(clone 1071) was developed by W. Dinjens [24, 251; rabbit
polyclonal anti-human DPPIV was a kind gift from Prof. Scher-
bench [21]. Mouse moAb TN2O (antigen not characterized) was
developed and kindly provided by Prof. G. Muller [26]. Tamm-
Horsfall protein (THP) was localized using a sheep anti-human
THP polyclonal antibody (AB733) purchased from Chemicon
International (Temecula, CA, USA). Human milk fat globulin
(HMFG): mouse monoclonal antibodies HMFG1 and HMFG2
were generously provided by J. Taylor-Papadimitriou [27]. Cyto-
keratin peptide 18 fluorescein labeled anti-cytokeratin peptide 18
(clone CY-90, mouse IgG1) was purchased from Sigma. As isotype
controls we used mouse anti-human placental alkaline phospha-
tase (PLAP) (clone 7E8, IgG1) [28] and fluorescein labeled mouse
anti-keyhole limpet hemocyanin (clone X40, IgG1, Becton Dick-
inson).
Biotin labeling
Purified anti-LAP (1 mg/ml) was dissolved in 0.1 M sodium
bicarbonate, pH 8.0. Biotinyl €-aminocaproyl N-hydroxysucciriim-
ide ester (Boehringer Mannheim Gmbh., Germany) was dissolved
in dimethyl-formamide (760 mg/ml; Janssen Chimica, Geel, Bel-
gium). For every milliliter of antibody solution, 20 d of biotin
solution was added and the solution was left for three hours at
room temperature. Biotinylated antibody was then dialyzed
against PBS at 4°C.
Immunoperoxidase staining
To confirm the specificity of anti-surface peptidases for the
proximal tubular epithelium we first performed immunoperoxi-
dase staining on unfixed cryosections as well as on formol-calcium
fixed paraffin sections (fixed for 90 mm in 0,1 M Na-cacodylate-
HCI, pH 7.4, containing 4% formaldehyde and 1% CaCl2) of
normal human renal cortex, outer stripe of outer medulla and
medulla essentially as described previously [29]. Four micrometer
thick sections were placed onto poly-L-lysine coated microscope
slides. Frozen sections were fixed for five minutes in chloroform-
acetone (50%/50%). Following 2 equilibration periods of five
minutes in TSB [10 mrvi Tris-HCI, pH 7.6, 0.9% NaC1, 1% bovine
serum albumin (frozen sections)/0.1% Triton-X-100 (formol-
calcium fixed sections)], sections were preincubated with normal
serum (diluted 1/5 in TSB) of the species in which the secondary
Abbreviation E.C. NR./CD NR. Clone (label) Host-isotype Reference/supplier
Proximal tubular markers
Distal tubular markers
Epithelial marker
Isotype controls
LAP 3.4.11.1
NEP 3.4.24.11/CD1O
(CALLA)
DPPIV 3.4.14.5/CD26
y-GT 3.4.13.14
APA 3.4.11.7
(anti-fibroblast)
iAP 3.1.3.1
HMFG
THP
(epithelial membrane HMFG1 &
antigen) HMFG2
PLAP 3.1.3.1
KLH
CY-90 (FITC) mouse IgGi
7E8
mouse IgGi [271
mouse IgGi
sheep polyclonal Chemicon
Sigma
mouse IgGI [28]
X40 (FITC) mouse IgGi Becton Dickinson
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antibody was developed. The tissue was then incubated overnight
with the primary antibody diluted in TSB and washed for five
minutes with TSB. Endogenous peroxidase was quenched by
sequential incubation with distilled water (5 mm), 100% methanol
(15 mm), distilled water (5 mm), 0.03% H202 in TSB (without
BSA; 30 mm) and TSB (5 mm). Sections were then incubated for
30 minutes with biotinylated horse anti-mouse IgG/goat anti-
rabbit lgG/rabbit anti-sheep IgG (depending on the primary used)
diluted 1/200 in TSB (ABC kit; Vector Laboratories, Burlingame,
VT, USA). Subsequently the sections were washed during 10
minutes with TSB, followed by a 30 minute incubation with an
avidin (1/200)-biotinylated peroxidase complex (1/100; Vector
Laboratories). Thereafter the sections were washed carefully (3
times for 5 mm with TSB and once for one minute with distilled
water). The peroxidase staining was developed either with 0.02%
3-amino-9-ethyl-carbazol and 0.0008% H202 in 20 m acetate
buffer, pH 5.2 with 9.5% dimethylsulfoxide, or with 0.05% diami-
nobenzidine in 0.1 M Tris-HCI, 0.03% H202, pH 7.6. After
washing the sections were counterstained with methyigreen and
mounted with Kaiser's glycerine/gelatine mounting medium or
DPX.
(Sub-)segment identification of tubules
For (sub-)segment identification of tubules we used morpho-
logic criteria (proximal tubule, presence of PAS positive brush
border; distal nephron, absence of brush border and absence of
PAS staining), histotopographic criteria (early Si segment, de-
fined as originating from urinary space; S1S2 segment, localiza-
tion outside the medullaiy rays; S3 segment, localization in
medullary ray) and immunologic criteria by comparison of sec-
tions with adjacent sections stained for expression of the well-
defined (sub-)segment specific markers iAP and THP. lAP is
present only in S3 segments [18, 191. THP immunostaining
combined with PAS stain allowed discrimination of different types
of distal (PAS negative) subsegments (thick ascending limbs were
strongly THP-positive throughout the cell cytoplasm; distal con-
voluted tubules were weakly THP-positive only at the luminal
plasma membrane; collecting ducts were THP-negative [30, 31]).
Staining patterns for all surface markers were studied in at least
three different kidney specimens.
Quantification of immunohistochemical data by digital image
analysis
As most peptidases showed heterogeneous expression in
proximal tubules, their expression in different proximal tubular
subsegments was compared following quantification of immu-
nohistochemical staining by digital image analysis. Equipment
consisted of the Kontron KS 400 V2.00 digital imaging system
and software (Kontron Elektronik, München, Germany) con-
nected to a Leica DMR-B microscope.
For each staining, selection and identification of 20 cross-
sections of S1S2 segments and of 20 S3 segments was performed
in a blinded fashion using an adjacent section stained histochem-
icaily for iAP, on which S3 segments were identified by the
presence of iAP staining (specific for the S3 segment [18, 19]) and
S1S2 segments by the absence of iAP staining, the presence of a
brush border and a location outside the medullary rays. No more
than three tubular cross-sections were chosen per (x200) micro-
scope field to minimize the amount of cross sections originating
from one and the same tubule. Furthermore, all segments in the
section seen to originate from the tubular pole of glomeruli were
identified as early Si segments (N = 5 to 10).
A region bordered by the tubular cell bases and cell apices was
drawn interactively in the video image, and the area of the
resulting region (tubular epithelial area) was measured in pixels.
Pixel density values (scale: 0 to 255) and lightness values (scale: 0
to 255) were measured for all pixels within the tubular epithelial
area. Pixels having lightness values higher than the lowest light-
ness value of pixels in the appropriate negative control sections
were assigned a density value of 0. The intensity and abundance of
immunostaining in each tubular cross section was then expressed
as the average pixel density (APD), and was calculated as the ratio
of the sum of the density values of all of its pixels over its area
(that is, over the number of pixels present in the tubular epithelial
area).
Statistical analyses of the APD values of early Si, SIS2 and S3
segments were performed using SPSS. Values for all antigens
except LAP were not normally distributed (Shapiro Wilks' test
and Lilliefors test for hypothesis that data are from a normal
distribution). Overall comparisons between early Si, S1S2 and S3
segments were evaluated by analysis of variance (simple ANOVA!
Kruskal-Wallis one-way ANOVA). Individual comparisons were
made by use of parametric or non-parametric tests as appropriate,
that is, t-test with Bonferroni correction for multiple comparisons
or Mann-Whitney U—Wilcoxon rank sum W test (for which a P
value of < 0.0165 was considered to be statistically significant.
Data are presented graphically as box-whisker plots.
Enzyme histochemistry
Histochemical staining for iAP was performed as described
previously [281, that is, by using the enzymatic activity and the
inhibitor L-p-bromotetramisoie, which is specific for the tissue
non-specific alkaline phosphatase isozyme present on all proximal
tubular cells, most abundantly in the S1S2 segments [19]. Sections
were stained with 0.1 M Tris-HCI, p1-I 9.4 containing 0.225 mg/mi
5-bromo-4-chloro-3-indoxyl-phosphate (predissolved in 0.5 ml
N,N-dimethylformamide; Serva, Heidelberg, Germany), 4.5
mg/mI tetranitroblue-tetrazolium (Sigma) and I ifiM L-p-bro-
motetramisole (Acros Chimica, Gee!, Belgium) for two hours at
room temperature. Sections were washed in 0.1 M Tris-HC1, pH
7.4, counterstained with methylgreen and mounted in glycerine-
gelatin.
To confirm the staining patterns found immunohistochemically
for anti-LAP, anti-DPPIV and anti-y-GT, we also performed
histochemical staining for these peptidases on frozen tissue and
on tissue embedded in paraffin following fixation in 4% formol-
calcium. Staining was performed with L-leucine 4-methoxy-3-
naphthylamide (Sigma), Gly-Pro 4-methoxy-3-naphtylamide
(Sigma) and y-glutamyl I ,4-methoxy-f3-naphtylamide (Karlan
Chemical Corporation, CA, USA) as substrates for LAP, DPPIV
and y-GT, respectively, and Fast Blue B (Sigma) as the staining
reagent. LAP and DPPIV incubation-medium was made by
adding 5 mg Fast Blue B to 1 ml substrate solution (4 mg/mi), 5 ml
0.1 M sodium-acetate buffer (pH 6.5), 3,5 ml 0.85% NaCl and 0.5
ml 0.02 M KCN. y-GT incubation medium was made by adding 10
mg Fast Blue B and 10 mg glycyiglycine (glutamyl acceptor) to 1
ml substrate solution (2.5 mg/mi), 5 ml 0.1 M Tris buffer (pH 7.4)
and 14 ml 0.85% NaC!. Sections were incubated at 37°C in the
dark until red staining became apparent. They were then washed
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(0.85% NaCI), stabilized in 0.1 M CuSO4 (25 mm), washed twice
(0.85% NaCI/distilled water), counterstained with methyigreen
and mounted in glycerine gelatin.
Tissue dispersion procedure
Cells and cultures were obtained from normal kidney tissue that
became available through nephrectomies performed for an onco-
logical indication. The procedure followed to prepare the cell
suspensions for flow cytometric analysis/cell sorting is a slight
modification of the method published previously [7]. Immediately
after prelevation of the kidney, macroscopically normal tissue
from the unaffected pole of the tumor nephrectomy specimen was
transferred into ice-cold M199 medium (Gibco BRL, Paisley, UK)
and transported on ice. Within 16 hours from prelevation the
tissue was decapsulated and sectioned into 4 to 5 mm thick slices.
A sample for histological assessment was collected to confirm
absence of pathological tissue. Tissue from cortex and outer stripe
of outer medulla was dissected and cut into pieces of 1 mm3. In
some experiments (sorting of S3 cells) the pre-sorting population
was enriched with S3 cells by using only tissue from the outer
stripe of the outer medulla. Tissue pieces were re-suspended in 25
ml of pre-warmed (37°C) collagenase solution [M199 medium
containing 5% (vol/vol) fetal calf serum (FCS); Sigma, St. Louis,
MO, USA], 67 mg/mI collagenase D (Boehringer Mannheim
Gmbh.) and 2 Kuntz Units/mi DNAse II (Sigma). The tissue
pieces were shaken vigorously for 30 minutes at 37°C, after which
the cells in suspension were collected, washed in ice-cold M199
medium containing 5% fetal calf serum and kept on ice. The
remaining (partially digested) tissue pieces were subjected to two
more thirty-minute collagenase digestions. At the end of the last
digestion process, the suspensions were pooled and filtered
through a 120 m mesh sieve. The sieved cells were washed and
re-suspended in 5% (vol/vol) FCS supplemented M199 medium.
The resulting suspension was brought on top of a discontinuous
Percoll® gradient (Pharmacia Fine Chemicals, Upsalla, Sweden)
with densities of 1.07, 1.05 and 1.04 g/ml to eliminate debris and
glomerular fragments. Cells were centrifuged for 30 minutes at
4°C (1200 x g).
All material from the intersection 1.05—1.07 to the intersection
1.04—1.05 was collected. Cells were washed in M199 + 5%
(vol/vol) FCS. The pellet was re-suspended and forced through a
23 G needle to dis-aggregate any remaining tubular fragments.
Cell labeling and sorting
Cells were labeled in 5% (vol/vol) FCS supplemented M199
medium (0.5 to 1.0 X 106 cells/100 Ml). The amount of primary
antibody was titrated against a fixed number of cells and thereaf-
ter moAbs were added in optimal quantities (0.1 to 4.0 g
moAb/106 cells). Anti-PLAP (4.0 jxg/106 cells) was used as an
isotype control for samples stained with monoclonal primaries;
control samples for cells labeled with polyclonal antibodies were
incubated only with secondary antibody. After a one hour incu-
bation on ice with primary antibody, cells were washed (120 g, 7
mm) with 3 ml ice-cold PBS supplemented with 1% FCS. Subse-
quently, samples were incubated for 30 minutes on ice with
phyco-erythrin (PE-) or fluorescein-isothyocyanate (FITC-) la-
beled rabbit F(ab')2 anti-mouse immunoglobulins (DAKO,
Glostrup, Denmark) or FITC-labeled goat F(ab')2 anti-rabbit
immunoglobulins (Southern Biotechnology Associates, Birming-
ham, AL, USA) as secondary reagents (indirect staining tech-
nique, dilutions according to the manufacturer's instructions).
Cells were washed with 3 ml ice-cold PBS supplemented with 1%
FCS and re-suspended in 5% (vol/vol) FCS supplemented M199
medium until analysis. Indirect labeling was also used in dual
immunofluorescence experiments. The first (unconjugated)
mouse monoclonal antibody was detected with FITC-labeled
rabbit F(ab')2 anti-mouse immunoglobulins as secondary. To
prevent this secondary antibody from binding to both primary
mouse monoclonal antibodies, free anti-mouse antibody was
blocked by the addition of mouse immunoglobulin [addition of
100 M1 20% (vol/vol) normal mouse serum in PBS for 15 minutes]
before incubation of the cells with the second (biotinylated)
primary antibody. Incubation with streptavidin conjugated to
phyco-erythrin (Becton Dickinson Immunocytometiy Systems,
San Jose, CA, USA) was then used to stain the biotinylated
antibody.
For labeling with anti-cytokeratin peptide 18, cells were fixed in
4% paraformaldehyde in PBS (pH 7.4) for 20 minutes at 4°C.
Cells were then permeabilised by washing twice with permeabili-
zation buffer, that is, PBS containing 1% (vol/vol) heat-inactivated
FCS, 0.1% (wt/vol) sodium azide and 0.1% (wt/vol) saponin
(Sigma). Staining was then performed by re-suspending fixed cells
in 100 M' permeabilization buffer containing FITC-conjugated
anti-cytokeratin peptide 18 or an equivalent amount of FITC-
conjugated isotype control. After incubation of 30 minutes in the
dark, cells were washed in permeabilization buffer and re-sus-
pended in 2% (wt/vol) paraformaldehyde in PBS (pH 7.4) until
analysis.
The labeled cells were analyzed and sorted using a FACSSTAR
PLUS flow cytometer (Becton Dickinson) equipped with an
argon-ion laser tuned to 488 nm at 40 mW power. Green and
orange fluorescence were detected (and separated) by using a 560
nm dichroic mirror and 525/20 and 575/26 band pass filters in
front of the photomultiplier tubes. For dual labeled cell samples,
residual spectral overlap of FITC and phyco-erythrin emission
was electronically corrected by using the appropriate mono-
labeled controls. Fluorescence amplification (logarithmic scale)
was adjusted so that the cells in the control samples had fluores-
cence intensities that fell within the first (single color experi-
ments) or second (dual immunofluorescence experiments) of four
decades on the fluorescence intensity scale. Cells were identified
in a forward scatter (FSC) versus sideward (90°) scatter (SSC) dot
plot. Large particles (large tubular and/or glomerular fragments
with correspondingly high autofluorescence) were excluded from
the cell gate (Fig. 4D). Positively labeled cells were then identified
by their fluorescence over the fluorescence of appropriate control
samples. When fluorescence histograms revealed a sharp peak of
fluorescing cells well separated from a second peak of cells
showing fluorescence intensities not higher than those of appro-
priate control samples, the amount of positively labeled cells was
estimated as the percentage showing higher fluorescence intensi-
ties than the intensity corresponding to the trough of the fluores-
cence distribution. The degree of separation was quantified by
calculating the ratio of the median fluorescence intensity (MFI) of
the positively labeled population and the MFI of the negative
subpopulation (MFI/MFI —). When fluorescence histograms
revealed that separation between positive and negative peaks was
less clear, the amount of positively labeled cells was calculated as
the percentage of cells showing higher fluorescence intensities
than the 99th percentile of the appropriate control sample minus
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1%. Forward scatter, sideward scatter and green and orange
fluorescence intensities of at least 10,000 particles were recorded
for each sample. Data were processed with the Lysis II analysis
program (Becton Dickinson). Following calibration of the instru-
ment, cells were sorted into 0.5 ml MEM-alpha medium (Gibco)
supplemented with 10% (vollvol) heat inactivated FCS. To check
for sort purity, over 2000 sorted cells from each tube were
re-analyzed for fluorescence intensity using the same instrument
settings. Alternatively, the cells were sorted directly onto poly-L-
lysine coated microscope slides for enzyme cytochemical pur-
poses.
Cell viability
To distinguish dead from live cells following the sorting proce-
dure we used the cell-membrane impermeant dye propidium
iodide (P1; Calbiochem-Novabiochem Co., La Jolla, CA, USA)
[33, 34] and the potentiometric dye rhodamine 123 (Polysciences
Inc., Warrington, PA, USA) [35, 36]. Immediately following
sorting cells were transferred to MEM-alpha medium containing
35 jxg/ml PT and incubated for 10 minutes at room temperature,
after which red fluorescence was measured. Alternatively, cells
were transferred tot MEM-alpha medium containing 2.5 xg/ml
rhodamine 123 and incubated for 30 minutes at room tempera-
ture; then the cells were washed and green fluorescence was
measured.
Enzyme cytochemistry
The purity of the sorted populations was further investigated by
performing cytochemical staining for the specific proximal tubular
enzyme y-GT on cells sorted directly onto poly-L-lysine coated
microscope slides. Cytochemical staining for y-GT was performed
on cells as described earlier for histochemical staining on tissue
sections.
The subsegmental origin (S1S2 vs. S3) of the sorted populations
was investigated by performing cytochemical staining for the well
documented S3 marker iAP as described for serial sections.
Flow analysis following culture
Unsorted cells were seeded in FCS precoated tissue culture
treated 50 ml flasks (Falcon, Becton Dickinson) and were allowed
to adhere to the flask in MEM-alpha medium modified according
to Gibson D'Ambrosio et al [32] supplemented with 10% (vol/vol)
heat inactivated FCS. Prior to labeling, cells were detached from
their growth substrate by washing with PBS, incubation for 15
minutes with 0.04% EDTA followed by a short (1 to 2 mm)
treatment with 0.25% trypsin-0.04% EDTA, Trypsin was then
neutralized by addition of FCS and cells were labeled as described
above.
RESULTS
Surface marker distribution along the nephron
Surface expression of peptidases and TN2O-antigen in the
normal kidney was studied by performing immunohistochemical
(LAP, NEP, DPPIV, APA, y-GT, TN2O-antigen) and/or histo-
chemical staining (LAP, DPPIV, y-GT). Segmental and sub-
segmental expression was investigated using morphologic,
histo-topographic and immunologic criteria by comparing afore-
mentioned immunohistochemically stained sections with adjacent
sections stained for Tamm-Horsfall protein immunoreactivity or
iAP activity. Proximal subsegmental distribution (51, S1S2 vs. S3)
was studied following quantification of immunohistochemical
staining by digital image analysis, the results of which are sum-
marized in Figure 2.
Leucine aminopeptidase. LAP immunoreactivity and enzyme
activity were found on all cells of the proximal nephron (Fig. 1).
Proximal tubular cells were stained most strongly at their brush
border, but cytoplasmic staining was also present. Staining inten-
sities varied slightly in different proximal tubular cross-sections.
Digital image analysis revealed that S3 immunostaining was
moderately higher than S1S2 staining (P < = 0.05), whereas the
difference between S3 and early Si staining was not significant
(Fig. 2). Distal tubuli, interstitium and glomeruli were not stained
except for the parietal epithelium of Bowman's capsule, which was
focally positive. Medullary structures were all negative. In the
lumen of larger vessels and occasionally in some glomeruli a few
positive cells were seen, confirming the presence of low levels of
LAP on a subset of peripheral blood leukocytes [37]. Formalde-
hyde fixation abolished both LAP enzyme activity and immuno-
reactivity.
Dipeptidyl peptidase fV neutral endopeptidase and alanine ami-
nopeptidase. Both DPPIV immunohistochemical (using 3 different
primaries; Table 1) and DPPIV histochemical staining resulted in
the same staining pattern. All proximal tubular cells stained
positively, staining pattern being located at the brush border.
Staining showed substantial heterogeneity among different prox-
imal tubular cross-sections. Digital imaging revealed that S3
immunoreactivity was weaker than both early Si (P = 0.0001) and
S1S2 staining (P < = 0.0001), whereas the difference between
early Si and S1S2 segments was not significant (Fig. 2). Serial
sections confirmed the absence of DPPIV immunoreactivity in
thick ascending limbs, collecting ducts and distal convoluted
tubules. Inner medulla was negative. Like for LAP staining, the
parietal epithelium of Bowman's capsule was focally positive for
DPPIV. In one of four kidney specimens glomeruli were also
stained, confirming an occasional upregulation of DPPIV in
podocytes [38]. Both DPPIV enzyme and immunoreactivity were
resistant to formalin fixation; only immunoreactivity was retained
following paraffin embedding.
The tubular staining pattern for NEP expression was almost
identical to the pattern found for DPPIV expression, again
showing substantial heterogeneity among different proximal tubu-
lar cross-sections. As for DPPIV, digital imaging revealed that S3
staining was much weaker than both early Si (P = 0.0001) and
S1S2 staining (P < = 0.0001), whereas the difference between
early 51 and 51S2 segments was not significant (Fig. 2). Glomer-
ular staining was present on cryosections but disappeared on
formalin-fixed paraffin embedded tissue. Furthermore, a few cells
in vessel lumina and interstitium were stained, most likely intra-
vascular and extravasated peripheral blood leukocytes known to
express NEP [39].
Likewise, the tubular staining pattern for APA expression was
almost identical to the pattern found for DPPIV/NEP expression.
Digital imaging revealed that as for DPPIV and NE?, APA S3
immunostaining was weaker than both early Si (P = 0.0012) and
S1S2 staining (P < = 0.0001), whereas difference between early
Si and S1S2 segments was not significant (Fig. 2). Glomeruli were
positive on cryosections. Tubular APA immunoreactivity was
conserved following formalin fixation and paraffin embedding, but
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Fig. 1. Segmental (proximal tubular vs. distal tubular) and proximal subsegmental (S1S2 vs. S3) expression of LAP, y-GT and TN2O antigen. Serial
sections stained immunohistochemically for LAP (A2), y-GT (B2) and TN2O (C2), the S3-segment-specific differentiation marker lAP (A3, B3, C3) and
the thick ascending limb marker Tamm-Horsfall protein (Al, Bi, Cl). The latter was combined with PAS stain to highlight tubular profiles. Series A
was performed on frozen sections; series B and C were performed on paraffin sections. (Magnifications Al-A3, X200; B1-C3, X 185). S1S2 segment is
shown by the open asterisk, S3 segment by the + sign, and thick ascending limb by the closed asterisk.
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surprisingly, glomerular structures were negative on formalin
fixed tissue.
y-Glutamyl transferase. y-Glutamyl transferase (y-GT) immu-
noreactivity was found only on cells of the proximal nephron.
Serial sections confirmed negative staining of distal tubuli, inter-
stitium and glomeruli including Bowman's capsule (Fig. 1, Bi—
B3). Medullary structures were all negative. Heterogeneous stain-
ing intensities were found within the proximal tubular epithelium,
the situation being inverse to the DPPIV/NEP/APA distribution.
Five out of seven (71%) early Si segments were negative for
immunohistochemical y-GT staining; APD was significantly lower
for early Si segments than for S1S2 segments (P < 0.0001). S1S2
segments showed a wide variety of y-GT expression levels. Digital
imaging showed that S3 immunoreactivity was stronger than both
S1S2 (P = 0.0001) and early Si staining (P < 0.0001). Both y-GT
immunoreactivity and enzyme activity were conserved following
formalin fixation and paraffin embedding.
TN2O immunoreactivity. When used at high concentrations
(purified supernatant, 1/100) monoclonal antibody TN2O stained
all proximal tubular epithelial cells but at lower concentrations
(dilution > 1/3000) staining was confined to a subset of proximal
tubules (Fig. 1). Digital imaging showed that all S3 cross-sections
were negative for TN2O expression (APD = 0); S3 segment APD
values were significantly lower than early SI (P < = 0.0001) and
S1S2 values (P < = 0.0001), whereas the difference between early
Si segments and S1S2 segments was not significant. Therefore,
TN2O could be considered an SIS2 marker. However, not all S1S2
segments were positive for TN2O as was the case for iAP and S3
segments. Serial sections confirmed negative staining of vascular,
interstitial, distal tubular and glomerular structures. TN2O immu-
noreactivity was retained following formalin fixation and paraffin
embedding.
Cytokeratin peptide 18. All tubules stained positively for expres-
sion of cytokeratin peptide 18. Glomeruli stained weakly (parietal
and visceral glomerular epithelial cells). Interstitium and intersti-
tial cells were always negative.
Flow cytometry
Flow cytometric analysis of gradient purified cell suspensions.
Flow cytometric analysis of samples incubated with anti-LAP,
anti-NEP, anti-y-GT, anti-DPPIV and with polyclonal anti-APA
showed a population of highly fluorescent cells (Fig. 3 A-E) with
fluorescence intensities well above those of the appropriate
control samples (irrelevant or no primary antibody, Fig. 3 H-I).
Not all surface peptidases were equally efficient as proximal
tubular cell markers in flow cytometry as labeling cells for their
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Fig. 2. Comparison of proximal subsegmental
(early Si, S1S2 and S3) expression of surface
peptidases and TN2O antigen. Proximal
subsegmental expression was quantified by digital
imaging analysis and intensity and abundance of
immunostaining was calculated as the average
pixel density (APD) as outlined in the text. APD
values of different proximal subsegments are
presented as box-whisker plots within the graphic.
For comparison of APD values of a particular
antigen in the different subsegments the highest
of the mean APD values (either early Si, S1S2 or
S3) was set at 100%. The values of the two other
subsegments were then expressed as percentage
of highest mean APD value. Symbols are: (LI)
Si, N = 5 to 10; (ii) S1S2, N = 20; (•) S3, N =
20.
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Fig. 3. Fluorescence histograms of unsorted cell samples from one and the same kidney labeled for expression of the proximal tubular markers LAP
(A), NEP (B), DPPJV (C), y-GT (D), APA (E), and the distal tubular marker HMFG (moAbs HMFG12) (F). Re-analysis following sorting of LAP
positive cells (G). Isotype control for samples labeled with a mouse monoclonal primary antibody (A to D and F) (H) and control for sample (E) labeled
with polyclonal rabbit primary (I). Ml is the marker used to calculate the percentage of positive cells for well separated samples, corresponding to
regions for sorting of LAPS, NEP and DPPIV0 cells. M2 is the marker indicating cells with fluorescence intensities equal to or higher than the 99th
percentile of the fluorescence intensity distribution of appropriate control samples. M3 is the marker indicating cells with fluorescence intensities equal
to or higher than the mode of the fluorescence intensity distribution of the positive population, corresponding to regions for sorting of y-GTEDED and
APA cells.
expression did not result in equally high amounts of positively
labeled cells. Anti-LAP resulted in the highest number of posi-
tively labeled cells (mean SD, 80% 3%, N = 6; Table 2) as
well as in the best separation between positive and negative
subpopulations, as evidenced by the clearly separated peaks in the
fluorescence histogram (Fig. 3A) and high MFI ratios (MF1/
MFI—: 34 13, N = 4). Positively labeled cells were sorted and
the accuracy of cell sorting was assessed by flow eytometric
re-analysis of sorted cells without changing the instrument set-
tings. Re-analysis revealed a population of exclusively and highly
fluorescent cells (Fig. 3G). Specificity of labeling with anti-LAP
was checked by cytochemical staining of cells sorted directly onto
microscope slides for the presence of y-GT, a proximal tubular
cell marker different from the marker used for sorting. y-GT
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Table 2. Segment distribution of gradient purified cell suspensions
Specimen
-
LAPS NEPO DPPTVE y-GT HMFGEO
1 83(99) 76 72 x 16
2 x 72 x >< 18
3 78(92) >< 65 x 14
4 79 (89) 78 81 62 10
5 78 (96) 74 77 49 18
6 78 (90) 75 78 51 12
7 86(92) 81 x 59 6
mean±SD 80±3
(93 4)
76±3 75±6 55±6 13±4
N 6 6 5 4 7
Percentage of cells showing fluorescence intensities above control levels
in flow sorting experiments following indirect labeling with antisera
directed against different proximal tubular surface markers and the distal
tubular marker HMFG. Numbers between brackets represent the percent-
age of cells in the gradient-purified cell suspension of which the tubular
origin can he determined by performing separate single labeling experi-
ments, using anti-LAP and anti-HMFG12 antibodies. Data are from 7
representative kidney specimens; x denotes labeling not performed.
cytochemical staining of this positively sorted population revealed
a purity of 98% 1% (N 5). By performing two separate single
labeling experiments, using anti-LAP and anti-HMFG12 (recog-
nizing the distal tubular marker HMFG), 93% 4% (N = 6) of
cells present in the gradient purified cell population could be
identified as being either of proximal or distal tubular origin
(Table 2). Dual labeled samples confirmed that surface expression
of LAP and HMFG were mutually exclusive on individual cells
(Fig. 4A).
As for anti-LAP, the use of anti-NEP or anti-DPPTV as
proximal tubular cell markers (Fig. 3 B, C) resulted in high
amounts of positively labeled cells (mean 76 3%, N = 5, and
75 6%, N = 5, respectively). Both markers also showed a clear
distinction between positive and negative populations (MFI/
MFI— ratios were 14 3.5, N = 4, and 12 4.5, N = 4,
respectively). Proximal tubular origin of NEP and DPPIVEEI
sorted samples was always above 95% when assessed by y-GT
cytochemical staining immediately following sorting. When sam-
ples were double labeled, it could be confirmed that surface
expression of NEP and HMFG were mutually exclusive (Fig. 4B)
and that the presence/absence of surface expression of NEP
coincided with the presence/absence of surface expression of LAP
(Fig. 4C).
When labeling cells for expression of y-GT, fluorescence his-
tograms revealed the presence of a broad peak of positive cells
and a second broad peak of cells showing fluorescence intensities
not higher than controls, with both peaks overlapping each other
(Fig. 3D). The amount of y-GTe cells (measured as the amount
of cells showing fluorescence intensities higher than the 99th
percentile of the appropriate control sample minus 1%) was
found to be lower (55% 6%, N = 4) than following labeling with
the aforementioned antibodies, leading to lower amounts of cells
of which proximal tubular origin could he determined with
certainty.
Labeling for expression of APA typically resulted in a fairly
sharp peak of positively labeled cells (Fig. 3E), however, they were
less well separated from the smaller negative peak than was the
case for LAP, NEP and/or DPPIV, again leading to fewer cells of
which tubular origin could be determined with certainty. The
amount of APA cells (measured as for y-GT cells) was 71%
11% (N = 3). Proximal tubular origin of y-GT-positive and
APA-positive sorted cells was always above 95% when assessed by
y-GT histochemical staining.
Labeling of cells for expression of the intracellular antigen
cytokeratin peptide 18 revealed that the great majority of cells
(93%, N 2) strongly expressed this cytokeratin.
Flow cytometric analysis of viability of sorted cells (measured as
percentage of cells excluding propidium-iodide) was 73 3%
(mean SD, N = 3 different kidney specimens). Rhodamine 123
staining of sorted cells resulted in 78 1% (N = 2: LAPED and
HMFGED sorted cells from same kidney specimen) of cells show-
ing strong green fluorescence signals, compared to lower back-
ground levels of the remaining cells.
Flow analysis and sorting after short term culture. Gradient
purified unsorted cells were seeded at a density of approximately
0.5 x i05 cells/ml in MEM-alpha medium modified according to
Gibson d'Ambrosio et a! [35]. Within 24 hours, the first cells!
tubular fragments began to adhere and after 48 hours tubular
fragments started to show outgrowth of a few cells. As previous
experiments showed that no further cell attachment occurred
after 48 hours, at this time point cells were detached from their
growth substrate by short trypsin/EDTA treatment. Flow cytomet-
nc analysis for expression of LAP, NEP and the distal tubular
marker HMFG revealed that the percentages of cells identifiable
as LAPED, NEPED and HMFGED in the day 2 population were only
slightly lower than in the corresponding sample of uncultured cells
(Fig. 5 and Table 3, data of 2 kidney specimens).
Proximal subsegmental flow sorting of gradient purified cells. Cells
were labeled with moAb iAP25O (anti-iAP) and analyzed by flow
eytometry (Fig. 6B). The amount of iAPED cells (measured as the
amount of cells showing fluorescence intensities higher than the
99th percentile of the appropriate control sample minus 1%) was
5% 3.6% (N = 3). Because of the low percentages of iAP
positive cells, the sort region for iAP was shifted slightly to the
right to diminish the amount of false positive sorted cells.
Therefore, only cells with fluorescence intensities higher than the
99.5th percentile were sorted, and 92 1.8% (N 2) showed
strong iAP activity, confirming the true S3 origin of these cells
(Table 4).
Cell samples were also labeled for the expression of TN2O
antigen (Fig. 6A), and fluorescence histograms revealed the
presence of a peak of positive cells partly overlapping with a peak
of negative/weakly positive cells; 36% 14% (N 4) of cells
could be defined as TN2O positive (% over 99th percentile of
control 1%). Because of the lesser separation of TN2O positive
and negative cells, and since S3 cells are known to express low
amounts of TN2O antigen, only strongly TN2O positive cells
(TN2OEDED) were sorted to investigate moAb TN2O as a tool for
flow sorting S1S2 cells. A sort region was set so that only cells
showing fluorescence intensities equal to or higher than the
modus of the TN2O-positive population were sorted (that is, all
cells having fluorescence intensities equal to or higher than the
intensity corresponding to the peak of the intensity frequency
distribution of positive cells; Fig. 6A). To confirm their S1S2
proximal tubular origin, TN2OEDED cells sorted onto microscope
slides were stained histochemically for y-GT activity and iAP
activity (Table 4). Over 97% of the cells were y-GT positive and
99% 0.3% (N = 2) were iAP negative, confirming proximal
tubular origin and S1S2 origin, respectively.
Furthermore, we investigated whether sorting of cells labeled
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with surface markers showing a preferential expression either on
straight or on convoluted proximal tubular cells in the intact
nephron (y-GT, highest expression on S3 cells; APA, highest
expression on S1S2 cells) allowed an enrichment of the respective
segments by sorting only the most strongly fluorescing cells. For
this purpose strongly APA positive cells (APAEDEB) and strongly
y-GT positive (y-GTffi) cells were sorted from the same kidney
specimen. The histogram sort regions were set so that only cells
showing fluorescence intensities equal to or higher than the
modus of the y-GT-positive population and the APA-positive
population were sorted (Fig. 3 D, E). The numbers of histochem-
ically iAP-positive cells present in these APAffi (17%) versus
y-GTffi (23%) populations were considered to be an estimate
for the S3 fraction present in them, and these were compared with
the amount of iAP-positive cells present in the LAPS sorted
population (19.1%). The latter was considered to be a relative
estimate for the S3 fraction present in the global (that is, S1S2S3)
proximal tubular population (Table 4).
DISCUSSION
The human nephron consists of an array of different cell types
topographically organized into different nephron segments. A
variety of surface markers have been described, of which the
expression is confined to well-defined nephron-segments or to
certain cell types within one or more nephron segments. Once
brought into suspension by mechanical and/or enzyme treatment,
topographic organization is lost and identification and purification
of cell types is no longer possible on a morphological basis.
Presence of surface markers, however, can still be used to detect
the origin of individual cells in suspension. Flow cytometry is a
powerful technique to discriminate between different cell types on
the basis of surface marker expression. Applying this technique on
cell types naturally occurring as part of a solid organ implies a
thorough preparative tissue dispersion procedure, during which
surface markers of interest may be lost due to susceptibility of
antigens to the enzymes used and/or due to weak epitope stability
because of spontaneous hydrolysis or degradation by tissue en-
zymes. Some cell surface molecules (including extracellular ma-
trix-receptors) have been shown to be shed within minutes from
polarized cells when they are suspended, and not to be replaced
on the cell surface until cells re-attached to a substratum [40].
Measures taken to minimize surface marker loss include the use
of highly purified collagenase and/or the addition of fetal calf
serum to the collagenase solution to neutralize contaminating
tryptic activity. Nevertheless, their limited efficiency is exemplified
by Tamm-Horsfall protein (thick ascending limb marker) and
tissue non-specific alkaline phosphatase (S1S2S3 proximal tubular
cell marker [191), which, although present in large amounts on
cells in vivo, cannot be used for flow sorting (unpublished
observations).
In search of powerful proximal tubular cell markers for FACS
applications, we tested monoclonal/polyclonal antibodies directed
against five different surface peptidases previously described to be
expressed on proximal tubular cells and monoclonal antibodies
directed against S1S2 and S3 cells, respectively. A good proximal
tubular cell marker should resist all steps of the tissue dispersion
procedure and when used in combination with a distal tubular
marker should be able to identify the great majority of epithelial
cells in the suspension and thus define its composition in terms of
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. Fig. 4. (A.D) Dot plots of dual labeled samples.
Samples were double labeled with MoAbs.
HMFG12 and biotin labeled anti-LAP (A),
MoAbs. HMFGI2 and biotin labeled anti-NEP
anti-LAP and biotin labeled anti-NEP (C).
1 1 o HMFG antibodies and unlabeled anti-LAP were
visualised by using FITC-conjugated polyclonal
Fab'2 rabbit anti-mouse as secondaiy resulting
in green fluorescence (FL1/horizontal axis);
biotinylated antibodies were visualized using
streptavidin-phycoerythrin resulting in orange
fluorescence (FL2/vertical axis). Dot plots in
(A) and (B) reveal the presence of the proximal
tubular cell population (large cloud) being LAP!
NEP positive but HMFG negative. The distal
tubular cell population (small cloud) is HMFG
positive and both LAP negative and NEP
negative. A smaller population is both HMFG
negative and LAP/NEP negative (non-epithelial
cells). Dot plot in (C) reveals that proximal
tubular cells are both NEP and LAP positive.
200 400 600 800 1000 Panel (D) shows gating of cells in a forward
scatter (FSC, horizontal axis) versus sideward
scatter (SSC, vertical axis) dot plot.HMFG FSC
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Table 3. Comparison of percentages of LAPS, NEP and HMFG
cells in the day 0 cell suspension and following short term culture
(48 hours) of cells
Specimen #1 Specimen_#2
Day 0 48 Hours Day 0 48 Hours
suspension culture suspension culture
LAP+ 83 79 79 77
NEP+ 76 67 78 70
HMFG+ 16 14 10 9
percentages of proximal tubular and distal tubular cells. As a
complementary marker for distal tubular cells we used HMFG,
previously shown to limit its expression to the distal nephron
(thick ascending limb, distal convoluted tubule, connecting seg-
ment and collecting duct) and to be present on the entire variety
of cells in these segments [41].
Expression on proximal tubular cells was demonstrated immu-
nohistochemically for all peptidases (LAP, NEP, DPPIV, y-GT
and APA). Absence of all markers on distal tubular cells was
confirmed by comparing the staining patterns with adjacent
sections stained for Tamm-Horsfall protein immunoreactivity
combined with periodic acid Shiffs' stain, identifying thick ascend-
ing limbs and proximal tubular brush borders, respectively. Com-
parison of staining between different proximal tubular subseg-
ments [proximal convoluted (S1S2) vs. proximal straight (S3)] was
performed following quantification of staining results using digital
imaging analysis. LAP showed moderately higher staining in S3
(proximal straight tubule) segments than in SIS2 (proximal
convoluted tubule) segments. The other surface peptidases showed
larger differences in expression between different subsegments. NEP,
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Fig. 5. Forward scatter (FSC, horizontal axis)
versus fluorescence intensity (Fl2, vertical axis)
dot plots of samples analyzed for expression of
LAP immediately after isolation of cells (A)
and following 48 hours of culture (D). Likewise
for cells incubated with anti-NEP (B and E)
and for cells incubated with MoAbs. HMFGI2
(C and F).
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Fig. 6. Fluorescence histograms of unsorted cell samples from one and
the same kidney incubated with moAb. TN2O (S1S2 marker) (A), moAb
1AP250 (anti-intestinal type alkaline phosphatase) (B), and control moAb
7E8 (C). Ml is the marker indicating cells with fluorescence intensities
equal to or higher than the 99th percentile of the fluorescence intensity
distribution of the appropriate control sample; M2 is the region for sorting
of TN20 and iAP cells.
DPPIV and APA showed less strong staining in S3 segments
whereas y-GT showed less staining in SIS2 segments, corroborat-
ing to a certain extent not quantified histochemical and immuno-
% Histochemically
y-GT positive iAP positive
Sorted population (proximal origin) (S3 origin)
LAPS 98 19iAP x 92TN20 97 1
y-GT 97 23APA1 96 17
Over 2000 cells were sorted onto polylysin coated microscope slides
based on expression above control of LAP (LAPs), iAP (iAPEI), high
expression of TN2O (TN20), y-GT (y-GTE9) and APA (APA).
Sorted cells were stained histochemically for y-GT/iAP activity indicating
proximal tubular/S3 origin, respectively. Two hundred cells were counted
for each staining (X, labeling not performed).
histochemical data described in human kidney by Kugler, Wolf
and Sherberich [42] and Scherberich, Gauhi and Mondorf [43].
Anti-LAP, anti-NEP and anti-DPPIV performed well in FACS
applications, identifying high percentages of cells as being of
proximal tubular origin. The specificity of labeling for all markers
was very high as more than 95% of all sorted cells were strongly
positive for the proximal tubular marker y-GT as histochemically
shown. All three markers yielded comparable percentages of
positively labeled cells. Indeed, dual labeling of cell samples with
anti-LAP and anti-NEP confirmed that cells either co-express
both markers (proximal tubular cells) or express neither (non-
proximal tubular cells). Labeling cell samples with anti-LAP
resulted in the best separation between positive (proximal) and
negative (non-proximal) cell subpopulations as reflected in the
highest ratio of median fluorescence intensities of positive and
negative subpopulations. Therefore, LAP can be considered as
the best marker for use in FACS applications. When the data
from anti-LAP labeled samples and samples labeled with moAbs
HMFG1 and HMFG2 were combined, the tubular origin of over
90% of cells could be defined in most cases. Biotinylation of the
anti-LAP antibody enabled us to perform simultaneous labeling
of cell samples for both proximal (LAP) and distal (HMFG)
markers, and confirmed the mutual exclusivity of both markers on
individual cells. Dual labeling allows simultaneous flow sorting of
proximal and distal tubular cells from one and the same cell
sample. This implies high sorting efficiency as over 90% of cells
can be recovered as sorted cells, compared to less than 15% if the
same sample would have been (single) labeled for expression of a
distal tubular marker only. We have calculated that following the
tissue dispersion procedure, we end up with approximately 7.5 X
i04 cells per gram of kidney tissue as a cell suspension suitable for
flow sorting. Dual labeling allows approximately 7.0 X i04 cells
(that is, 6.0 x iO proximal and 1.0 X io distal tubular cells) to
be sorted simultaneously per gram of kidney tissue. Previously we
have shown that sorted cells (when seeded at a density of 1.0 X
io cells/25 ml flask in 5 ml MEM-aipha medium + 10% (vol/vol)
FCS) grow to confluence after approximately seven days and can
be passaged up to eight times [7J.
Anti-APA performed less well in flow cytometry because of the
partial overlap of positive and negative peaks. Cells with fluores-
cence intensities lying in this overlapping area cannot be identified
as either proximal or non-proximal in origin. Indeed, the amount
CC. A
TN2O
Table 4. Percentages of y-GT/iAP positive cells following sorting for
expression of various surface markers
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of cells that could unequivocally be defined as proximal tubular
type (and thus sorted) was lower than for LAP, NEP or DPPIV.
Labeling with anti-y-GT lead to a larger population of cells that
did not show expression above control levels when compared with
the aforementioned markers and, therefore, is not an ideal
marker for efficient flow sorting of (S1S2S3) proximal tubular
cells. Differences in size and/or in mean fluorescence level of the
positive populations when labeling with antibodies recognizing
different antigens on the same cell subpopulation can be due to
lower amounts of cells expressing the antigen, lower expression
levels of antigen per cell, less efficient recognition of antigen by
antibody due to lower binding affinity of the latter and/or unequal
loss of surface antigen expression during kidney storage and tissue
dispersion procedure.
Even in multi-color flow cytometry experiments, when samples
were stained for expression of both HMFG and LAP, a small
number of cells could not be identified as either proximal or distal
tubular in origin, constituting a double negative (LAP® HMFG®)
subpopulation. Flow analysis following staining of the gradient
purified cell suspension with the (intracellular) epithelial marker
cytokeratin peptide 18 revealed approximately 93% of cells to be
of epithelial nature. This implies that some cells of interstitial
origin (fibroblasts, smooth muscle cells, leukocytes) and/or of
glomerular origin are present in the gradient purified cell suspen-
sion. This is confirmed by previous attempts to flowcytometrically
isolate interstitial microvascular endothelial cells from gradient
purified kidney cortex (using CD3I as surface marker) in which
we could demonstrate 1 to 1.5% of cells to be of endothelial origin
(unpublished observations). These non-epithelial cells likely form
the majority of the LAP® HMFG® subpopulation. The presence
of a non-epithelial subpopulation implies that using anti-HMFG
and anti-LAP in dual labeling, allowed to identify almost all
epithelial cells present in the gradient purified cell suspension.
moAb TN2O, originally described as a surface marker for renal
interstitial fibroblasts [26], recognizes an antigen present at a
much higher level on S1S2 cells than on S3 cells. moAb TN2O
enabled us to obtain a highly purified SIS2 population, deter-
mined as such by the absence of the S3 surface marker iAP on
TN2O-positive sorted cells. Labeling of cell samples for iAP-
expression on the other hand allowed flow sorting of> 92% pure
S3 segment cells (as shown histochemically), a purification level
previously unattainable. The sorting efficiency was, however, not
high as FACS analysis resulted in lower amounts of labeled cells
than would be expected from histochemistry. Taking into account
the LAP/HMFG distribution in an unsorted (outer stripe outer
medulla) population (57/28) and the amount of iAP positive cells
in the corresponding LAP® sorted population (19.1%; Table 4),
the amount of iAP positive cells in the gradient purified cell
population can be calculated as 19.1% X 57% = 11%. The actual
percentage of iAP positive cells in flow was 3.5%, that is, only 32%
of the expected amount. This indicates that iAP, although highly
specific for S3 cells, is a suboptimal marker for efficient flow
sorting of S3 cells. We speculate that the glycosyl-phosphatidyl-
inositol (GPI) membrane anchor of alkaline phosphatase
isozymes may be partly responsible for the loss of iAP from S3
cells during the cell preparation procedure [44, 45]. It has been
proposed that one of the functions of the GPT anchor might be to
allow the rapid release of membrane proteins possibly by endog-
enous GPI-anchor hydrolyzing enzymes (P1-specific phospho-
lipase C and D) [46, 47]. This could lead to antigen levels on a
subpopulation of S3 cells that are no longer detectable by flow
cytometry as opposed to histochemistry due the high turnover
number (k3-value) of alkaline phosphatase isozymes [48]. Never-
theless, to our knowledge no S3 segment-specific markers other
than iAP have been described. Similarly, the GPI-membrane
anchor of Tamm-Horsfall protein, 5' ecto-nucleotidase (CD73)
and tissue non-specific alkaline phosphatase [44] could explain the
absence of positive cells following labeling with the appropriate
antibodies (unpublished observations). Sorting of cells labeled
with an antibody against surface peptidases showing a quantita-
tively different expression on straight and convoluted tubules in
the intact nephron (APA, highest expression on S1S2 cells; y-GT,
highest expression on S3 cells) did not result in an enrichment of
the respective segments when only the most strongly labeled cells
were sorted. This is most likely due to variation in 'cell size,' as the
gradient purified fraction contains single cells and a substantial
amount of small tubular 'fragments' of up to five or six cells.
Larger particles consisting of cells with moderate antigen expres-
sion will give an equally strong or even stronger fluorescence
signal than a single cell with very high antigen expression.
Furthermore, cell to cell variability in antigen loss throughout the
cell preparation procedure could contribute to this failure of
segment enrichment.
Finally, we demonstrated that when previously unsorted cells
are brought into culture for a short time period (48 hr), cells
remain identifiable as LAP®, NEP® and/or FIMFGQ. When
performing flow sorting immediately following the preparation of
cells from a fresh kidney nephrectomy specimen, the surface
antigen repertoire of cells at the time point of sorting will still be
identical to the situation in vivo (except for antigens 'lost' during
the preparation procedure), and thus one can be absolutely sure
of the nephron segment origin of sorted cells. Flow sorting after
short-term culture does not necessarily allow us to draw conclu-
sions on the origin of the (ancestral) cells. The in vivo —in vitro
transition can result in phenotypic changes irrespective of the
origin of cells, as we have observed for both proximal surface
markers [13] and several distal surface markers (unpublished
observations). Nevertheless, as the percentages of cells expressing
the above-mentioned markers were very similar to the values
found for the corresponding samples analyzed immediately fol-
lowing preparation of the fresh kidney specimen, this suggests
that, at this early time point, surface marker expression is still a
valid tool to identify cell origin.
We conclude that flow sorting of cells prior to culturing them,
using one of the aforementioned markers, is a straightforward way
to obtain pure cultures of cells of defined nephron segment origin.
LAP is the most powerful marker for fluorescence-activated cell
sorting of (S1S2S3) proximal tubular cells. Some of these markers
(TN2O and iAP) allow flow purification of cells at the subsegmen-
tal nephron level: S1S2 and S3. The use of these markers will
allow further studies on phenotype stability/changes of cells of
known origin in vitro, which can then be taken into account when
looking for markers that will allow identification of cells in
unsorted cultures.
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